Newborn and juvenile bats, like many other young mammals (e.g., Dasyurus hallucatus-Aitkin et al. 1996; Rattus norvegicus-Allin and Banks 1972) , emit calls to draw their mothers' attention when separated from them. These vocal emissions are usually referred to as ''attraction calls'' or ''isolation calls.'' As in most social calls used by bats, isolation calls are multiharmonic. Usually, the 1st harmonic (fundamental) contains the most energy (Brown and Grinnell 1980; Gould 1974; Gould et al. 1973; Konstantinov 1973; Konstantinov and Makarov 1987) .
In contrast, echolocation calls of many species of bats are characterized by a lack of the 1st harmonic. This is the case for bats * Correspondent: sterbing@neuron.uchc.edu that use harmonic frequency (HF)-frequency modulated (FM) signals or constant frequency(CF)-FM signals for echolocation (HF-FM bats, Desmodus rotundus-Joermann 1980; Carollia perspicillata-Thies et al. 1998 ; CF-FM bats, Rhinolophus ferrumequinum- Konstantinov and Makarov 1987; R. hildebrandti-Suthers et al. 1988) . But this is not a general rule because many species of FM bats, especially vespertilionids (Eptesicus fuscus, Nyctalus noctula), emit FM echolocation calls that do contain the 1st harmonic (Surlykke and Moss 2000) . These species are commonly large in size and rarely hunt in dense vegetation. However, as the 1st harmonic would provide relatively low spatial resolution for the echolocation process because of its relative-ly long wavelength, it would be advantageous for bat species that forage in dense vegetation, and thus need a high resolution for acoustic imaging, to omit the 1st harmonic in echolocation calls. This trend is supported by the fact that E. fuscus shifts the call frequency while hunting in wooded areas (Surlykke and Moss 2000) . Whether echolocation calls develop directly from juvenile social calls or appear suddenly as a spectrally independent vocal emission has been studied in a variety of bat species, and even within 1 family (Vespertilionidae) both possibilities can be found. In Plecotus auritus (De Fanis and Jones 1995) and Myotis lucifugus (Moss et al. 1997) , the isolation call is a direct precursor of the echolocation call. In contrast, Jones et al. (1991) found that Pipistrellus pipistrellus develops the echolocation call independent of the isolation call. In rhinolophids both developmental schemes can be found (R. ferrumequinum -Konstantinov 1973; R. rouxiRübsamen 1987) . The echolocation calls of CF-FM bats (rhinolophids, Pteronotus) are constant in frequency over a variable period of time. Typically, the start and the final part of their call are FM, but only the final FM part is used for ranging (Tian and Schnitzler 1997) . Echolocation calls of most of these bats exhibit most energy in the 2nd or 3rd harmonic (Konstantinov 1973; Rübsamen 1987; Suthers et al. 1988) . Throughout development, the CF part of the calls matches the small frequency range of the ''auditory fovea,'' i.e., an overrepresentation of the frequency range around the dominant harmonic of the echolocation call. During postnatal development, this foveal frequency tracks the dominant CF component of the echolocation call (Rüb-samen 1987) . Knowledge of the parallel development of audition and vocalizations is restricted to CF-FM bats. Hence, one goal of the present study was to examine this parallel development in a non-CF-FM bat. For this reason, we studied the postnatal development of the phyllostomid bat C. perspicillata. C. perspicillata is a mediumsized, mainly frugivorous and nectarivorous bat of the neotropics, which emits ultrashort (Ͻ1 ms) multiharmonic echolocation pulses.
MATERIALS AND METHODS
Nineteen juvenile specimens of C. perspicillata (Phyllostomidae), bred in a captive colony of about 100 individuals at the Zoological Institute of the University of Bonn, Germany, were used to investigate the postnatal development of vocalization and hearing in age classes from birth until the 7th week of life. The original stock (40 animals) was caught in Costa Rica and bred in captivity for about 10 years. The age of young bats could be determined with a precision of 12 h. They were raised by their mothers. Mothers and infants were segregated from the colony to make monitoring easy but were kept in groups in cages of about 1 m 3 . Size of these cages allowed the bats to fly. C. perspicillata can hover in small spaces. Details of housing and diet are reported elsewhere (Kürten 1983) . Data from at least 2 animals for each age class were pooled. Because all the animals were used for terminal electrophysiological experiments at different ages, the development of vocalization could not be demonstrated for individual bats. Thus, data comparing the age-groups were statistically independent-no bat was tested at different ages. However, because of the small number of animals per age-group (2-3) the author recorded several calls per individual. C. perspicillata breeds only 2 times a year, so that it was impossible to record calls from more individuals within the time frame of this study. Therefore, data within 1 age-group are partly statistically dependent. We recorded calls from 2 bats at age 0-1 days, 2 at age 6-7 days, 2 at age 9-10 days, 2 at age 16-17 days, 2 at age 22-23 days, 3 at age 29-30 days, 3 at age 40 days, and 3 at age 49-50 days. For ages 0-17 days, 10 isolation calls from each individual were analyzed. For ages 22-50 days 10 social or protest calls (or both) and at least 10 echolocation calls per age class were analyzed. Hence, a total of 80 juvenile isolation calls, 40 subadult protest calls, and 40 subadult echolocation calls were analyzed. Additionally, 200 echolocation calls were recorded from adult C. perspicillata in a flight tunnel. All data are presented as means Ϯ standard deviation. To test for statistical differences, the t-test was used (P Ͻ 0.01). Every treatment was in accordance with the German law for ethical treatment of animals and was approved by the district government (Arnsberg, Germany) and by the granting agency.
For recording the vocalizations, a Brüel & Kjaer (Naerum, Denmark) sound level meter (Type 2209, high-pass filter setting of 22.5 Hz) with a Brüel & Kjaer condenser microphone (Type 3135, 6.35 mm diameter, without protective grid) and a Racal DS4 tape recorder (Racal Instruments, Slough, United Kingdom; tape speed of 76 cm/s) were used. Sound pressure level measurements were calibrated using a Brüel & Kjaer pistonphone (Type 4220). For the recordings of isolation or protest calls, the bat was placed 10 cm from the microphone either held in the hand or resting on a table in an uncluttered room. To elicit echolocation calls, the bats were held by their feet, moved toward the microphone, and allowed to flap their wings. Covering the eyes with ophthalmic ointment (Coliquifilm , Pharm-Allergan, Ettlingen, Germany) usually increased vocalization activity. For the recording of adult echolocation calls, the microphone was placed in a flight tunnel (5 m long, 1.2 m broad and high, with anechoic walls). The calls were recorded during the approach phase.
The tape-recorded signal was low-pass filtered (Rockland Filter, with 110 kHz cutoff, 96 dB per octave roll-off) and digitized with a custommade analog-to-digital and digital-to-analog converter board (NEUROBOARD, developed and built at Ruhr University, Bochum, Germany; sampling rate of 250 kHz, 12 bit) fed into a laboratory computer. Using the sound-analysis program SONA (Knipschild 1988) , oscillograms (amplitude-time plots), sonagrams (frequencytime plots, 1,024 point FFT [fast Fourier transform], Hanning window), and power spectra were analyzed. Frequency ranges of the harmonics were measured by cutting off the sonagram at Ϫ25 dB from peak intensity.
Details of acoustic stimulation and electrophysiological recording techniques are described elsewhere (Sterbing et al. 1994) . Briefly, the bats were anesthetized with ketamine (Ketavet, Parke-Davis, Bern, Switzerland) and xylazine (Rompun, Bayer, Leverkusen, Germany), the skull was exposed, a headholder was glued to the bregma with histoacrylic and dental cement, and a small hole (0.5 mm diameter) was drilled, which allowed entry into the inferior colliculus.
After recovery from anesthesia, bats were placed in an anechoic chamber. Stimuli were delivered with an electrostatic transducer (AKG, Mün-chen, Germany). Tones of different sound pressure levels were presented pseudorandomly using the acoustic stimulation and neuronal recording software TURBOTUNE (developed at Ruhr University). Glass microelectrodes were used to record the activity of single neurons and multineuron clusters.
RESULTS
Vocalizations.-Newborn C. perspicillata emitted short isolation calls (7.7 ms Ϯ 1.4 SD, n ϭ 20 calls, 2 animals) when they were separated from their mothers. The calls were downward modulated multiharmonic and were emitted in a sequence of about 20. The 1st harmonic contained sound frequencies from 44.2 Ϯ 4.4 to 18.0 Ϯ 3.5 kHz (n ϭ 20 calls). The 2nd harmonic covered frequencies from 76.0 Ϯ 8.7 to 36.6 Ϯ 6.1 kHz and the 3rd harmonic from 86.9 Ϯ 9.2 to 57.5 Ϯ 11.3 kHz. During postnatal development, duration of single notes became successively shorter. In newborns (age 0 days), mean duration was 7.7 Ϯ 1.4 ms (n ϭ 20 calls, 2 animals), in bats aged 22-23 days 6.7 Ϯ 2.6 ms (n ϭ 20 calls, 2 animals), and in 7-week-old bats (age 49-50 days) 5.0 Ϯ 3.4 ms (n ϭ 15 calls, 3 animals). Adult bats emitted a similar pulse when they were handled (Fig. 1) . This vocal emission may be a distress call. With increasing age, spontaneous vocal activity decreased, probably because bats got used to being handled for monitoring development of weight and forearm length.
A 2nd type of isolation call is the ''double note,'' a combination of an initial segment that is downward-and upward-modulated in frequency, followed by a pause and a shorter downward-modulated pulse (Fig. 2) . This call was recorded only from bats that were Ͻ4 weeks old and in isolation. In this age-group (age 0-23 days), only 27% of the isolation calls were double notes. They were emitted intermingled with single notes. Frequency ranges of double- note harmonics did not differ from those of the single notes; only the spectral shape was different (single FM versus sinusoidal FM). The pause between the 2 parts of the double notes became shorter with age ( Fig. 2) . At age 0 days, mean duration of the pause was 16.6 Ϯ 1.2 ms (n ϭ 4 calls); at age 9 days, 5.3 Ϯ 3.2 ms (n ϭ 5 calls), and at age 17 days components were mostly fused (n ϭ 7 calls), leading to a sinusoidally FM call.
At 17-22 days, when young bats started to fly, they emitted for the 1st time pulses that lacked the 1st harmonic. At this age, mean forearm length is 39 Ϯ 2 mm (n ϭ 6 animals), which is about 91% of adult forearm length (43 Ϯ 0.8 mm, n ϭ 58 animals). It is certainly difficult to assign a strict function to juvenile calls. They may very well serve different purposes (echolocation or communication or both). The author defined calls lacking the 1st harmonic as ''echolocation calls'' because echolocation calls of adult C. perspicillata never contain the 1st harmonic. In contrast to other bat species that leave their offspring in the roost during foraging, C. perspicillata almost continuously carry their young in the 1st weeks. Hence, it is questionable whether bats of age 2 weeks and younger echolocate at all. Figure 3 shows sonagrams, oscillograms, and power spectra of calls for bats of different ages. The calls shown in plots a and b were recorded from bats in isolation while they were sitting on the table surface (isolation calls). The calls shown in Figs. 3c-f were recorded while bats were moved toward the microphone (echolocation calls). At age 22 and 40 days, a hint of the 1st harmonic was still visible in the sonagram and power spectrum. At age 50 days, the echolocation pulse was almost adult-like; i.e., the 1st harmonic was not detectable and frequency ranges covered by the harmonics were not significantly different from adult frequency ranges (P Ͼ 0.01), but calls were slightly longer in duration than adult pulses. During development, the intensity peak of the pulses shifted successively from the 1st harmonic up to the 2nd and 3rd harmonic. However, frequency ranges covered by single harmonics (with exception of the 1st, which vanishes) remained the same (measured at Ϫ25 dB from the intensity peak of the pulse). With age, duration of echolocation pulses decreased from 1.8 Ϯ 0.6 ms (n ϭ 11 calls) in 4-week-old bats to 0.9 Ϯ 0.1 ms (n ϭ 15 calls) in 7-week-old C. perspicillata. These findings indicate that the echolocation call develops from the isolation call. When recorded in a flight tunnel (n ϭ 200 calls, 8 bats), adult C. perspicillata never produced echolocation pulses with a detectable 1st harmonic. The echolocation pulses are quite stereotyped in duration (0.8 Ϯ 0.1 ms) and in frequency ranges covered by the harmonics (2nd harmonic, 86.1 Ϯ 3.2 to 59 Ϯ 4.9 kHz; 3rd harmonic, 109.5 Ϯ 3 to 74.6 Ϯ 2.3 kHz; and 4th harmonic, 117 Ϯ 3.9 to 99.8 Ϯ 3.1 kHz).
Audiogram.-Neurophysiological recordings of single neurons and multineuron clusters from the inferior colliculus showed that the hearing range of newborn C. perspicillata covered 68% of the adult range. In newborn bats, characteristic frequencies of single neurons and multineuron clusters ranged from 8 to 77 kHz. Neurons of 7-week-old bats had characteristic frequencies from 7.4 to 110 kHz, and the hearing range expanded toward higher frequencies during development (Fig. 4) . Electrophysiological data were collected in an earlier study (Sterbing et al. 1994) , and audiograms shown here were computed from those data. During development, neuronal thresholds decreased most prominently within the frequency range that was relevant for echolocation: 60-90 kHz. From birth, the bats were very sensitive to low frequencies between 15 and 30 kHz. In this frequency range, neuronal thresholds of less than Ϫ15 dB sound pressure level could be measured. bat FIG. 3. -Development of calls of Carollia perspicillata: a) isolation call, age 0 days; b) isolation call, age 9 days; c) juvenile call, age 17 days, with equal energy on the 1st harmonic and the 2nd harmonic; d) echolocation call, age 22 days; e) echolocation call, age 40 days; and f) echolocation call, age 50 days. Left panels, sonagram; and right panels, power spectrum. species studied to date have a longer duration than adult FM pulses (Esser 1994; Jones et al. 1991; Moss et al. 1997) . Although the frequency range of the 1st harmonic does not change in extremely precocial species like C. perspicillata, in more altricial bats like Phyllostomus discolor (Esser and Schmidt 1990) and Antrozous pallidus (Brown 1978) there is a developmental shift of harmonics, particularly re- sulting from growth of sound-producing structures within the larynx. In M. lucifugus, the developmental frequency shift is most prominent for the upper frequency of the FM sweep (Moss et al. 1997) . In many species of bats, double notes can be recorded, in some at day of birth as in C. perspicillata and in others later (Gould et al. 1973) . Sinusoidally FM juvenile calls have been described for P. discolor (Esser 1994; Rother and Schmidt 1985) and Nycticeius humeralis (Scherrer and Wilkinson 1993) . In the present study such a call could be shown for the 1st time for C. perspicillata.
DISCUSSION

Development of vocalization.-All infant isolation calls of HF-FM bat and FM
This investigation revealed a gradual transition from juvenile vocalizations to adult-like echolocation pulses in developing C. perspicillata. As in R. ferrumequinum (Konstantinov 1973) , M. lucifugus (Moss et al. 1997) , and R. f. japonensis (Matsumura 1979) , a juvenile isolation call seems to be the direct precursor of adult echolocation calls. Most species of various microchiropteran families emit echolocation calls that lack the 1st harmonic, and many CF-FM bats reduce all harmonics with the exception of 1, in most cases retaining the 2nd or 3rd harmonic. Pulses recorded directly at the larynx reveal an even distribution of energy in several harmonics (Roberts 1972; Suthers et al. 1988) . The suppression of harmonics obviously occurs during sound emission through the vocal tract, which filters certain frequencies and thus acts as a Helmholtz resonator. This effect could be demonstrated with helium experiments (Roberts 1972 (Roberts , 1973 Suthers et al. 1988) . In the present study, adult echolocation pulses were recorded either from hand-held bats or from bats in a flight tunnel. Despite this artificial setup, sonagrams of these calls resemble those recorded from C. perspicillata in the wild (Thies et al. 1998 ). Thies et al. report that duration of echolocation calls in the approach phase of foraging was on average 0.8 Ϯ 0.2 ms; in the present study we found the average duration to be 0.8 Ϯ 0.1 ms. The echolocation calls emitted by C. perspicillata in the orienting phase are longer (1.5 Ϯ 0.4 ms) but cover the same frequency range as calls emitted during the approach phase (Thies et al. 1998) .
It is widely accepted that C. perspicillata emits echolocation pulses nasally (Hartley and Suthers 1987) . However, it is unclear whether social calls are emitted orally and could therefore have a different frequency spectrum. It is not possible to determine visually whether a call is emitted via nose or mouth. Attempts to plug either mouth or nose failed because bats then refused to vocalize at all. But there is evidence that C. perspicillata may emit pulses through either mouth or nostrils (Griffin and Novick 1955) . However, it is unclear whether this holds for both social calls and echolocation calls. It is also possible that bats are able to change the resonance of the vocal tract actively, independent of the emission route. In R. hildebrandti, Suthers et al. (1988) produced changes in vocal tract resonance by filling nasal or tracheal chambers with dental cement. Their results clearly reveal that these bats can actively compensate for alteration of the resonance frequency of the vocal tract in order to keep their echolocation pulses within the frequency range of the auditory fovea.
It is not always advantageous for the bat to use the 1st harmonic of the pulse for echolocation. First, the 1st harmonic does not provide good spatial resolution for acoustic imaging because of its relatively long wavelength. Second, emitting echolocation calls with a reduced set of harmonics might also be useful for another purpose. Suga et al. (1983) found harmonic-sensitive neurons within the auditory cortex of the mustached bat (Pteronotus parnellii), which only responded when the 1st harmonic was followed by a higher harmonic in a gated time window. Hence, the suppression of the 1st harmonic could be important for active orientation during group flight (Roverud and Grinnell 1985; Suga et al. 1983 ). Because echolocation pulses are quite intense, the bat hears the complete call with all the harmonics via bone transduction. The echo comes back within a certain time window, and the animal is able to differentiate between the echo of its own call and pulses and echoes produced by other bats in the group.
Development of audiogram.-As in all mammals studied so far, the hearing range of C. perspicillata expands toward higher frequencies during ontogenesis. Additionally, sensitivity increases. The sources of these developmental changes are numerous, for example, development of cochlear outer-hair-cell function or alterations of central-auditory processing. Further, properties of middle ear transmission may change (for review see Rubel et al. 1997) . Throughout all age classes, the low-frequency range is the most sensitive part of C. perspicillata's audiogram. This seems to be typical for phyllostomids. Other electrophysiological investigations in the common vampire bat D. rotundus (Schmidt et al. 1991 ) and determination of behavioral audiograms in newborn lesser spear-nosed bats (P. discolor) reveal the same finding (Esser and Schmidt 1990) . Some authors associate the very low hearing thresholds outside the echolocation range in the sanguivorous D. rotundus and the carnivorous Megaderma lyra with passive acoustic localization and prey detection (Marimuthu and Neuweiler 1987; Schmidt et al. 1984 Schmidt et al. , 1991 . In field studies, Whitaker and Findley (1980) as well as Fleming and Heithaus (1986) found insect components in the stomachs of captured C. perspicillata. Insect uptake was confirmed by Fleming (1991) and Willig et al. (1993) . Up to 30% of the diet consists of soft-or hard-bodied arthropods, mainly beetles and ants or termites. Whether C. perspicillata, a mainly frugivorous and nectarivorous bat, uses passive acoustic localization to catch beetles is not known. The insects could also have been trapped in nectar or on fruit. The low auditory thresholds for the low-frequency range suggest that passive sound localization is important for C. perspicillata. Of course, passive localization is important for communication as well. The frequency range covered by the 1st harmonic of social calls of C. perspicillata (23-44 kHz) overlaps at least partly with the most sensitive frequency range of the adult audiogram (15-30 kHz). To summarize, the present study revealed that the echolocation call develops from the isolation call. The developmental shift of the energy peak of the call from the 1st to the 3rd harmonic tracks the expansion of the hearing range toward higher frequencies. 
